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Assignments and optical properties of X-ray-induced colour centres in blue 




and Toshio Kurobori 
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a Graduate School of Natural Science and Technology, Kanazawa University, Kakuma-machi, Kanazawa,  




We have systematically investigated the origin and optical properties of the X-ray-induced 
colour centres based on the blue and red radiophotoluminescence (RPL) in a silver-activated 
phosphate glass. The induced-absorption band was decomposed into six Gaussian bands on 







 and other silver ion species by means of optical and thermal 
measurements such as colour centre formation and dissolusion by highly successive
femtosecond-pulse irradiation, excited-state lifetime and thermal annealing characteristics. 
The data confirmed that the blue RPL at 450 nm could be attributed to the 270 and 345 nm 




centres, respectively, and that the orange RPL at 560 nm was 
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1. Introduction 
Radiophotoluminescence (RPL) in various glasses containing silver impurities has long 
been examined [1-4] for applications in personal solid-state dosimetry and radiation 
measurements. In particular, radiation-induced colour centres have been extensively studied 
in silver-activated glasses by means of optical spectroscopy [1, 4] and the electron spin 
resonance (ESR) method [2-4]. Later, the nucleation and growth kinetics of silver 
nanoparticles in glass were investigated in detail [5]. Furthermore, the influence of glass 
composition on the sensitivity to ionising radiation and the RPL ‘build-up’ kinetics (i.e., the 
RPL centre concentration increases as a function of time after irradiation) have been also 
studied [6]. At the same time, a readout system for the detection of RPL from a glass 
dosimeter has been developed using a pulsed ultraviolet (UV) nitrogen laser [7] and a UV 
light emitting diode (LED) [8] as an excitation source. Although the study of the RPL 
‘build-up’ kinetics and development of the readout system address the most important 
problems for practical applications of radiophotoluminescent glass dosimeters, successful 
work has not yet been achieved. 
In addition, recent advances in high-intensity femtosecond (fs) laser pulses have made it 
possible to fabricate small noble metal particles [9-11] such as gold and silver atoms 
embedded in glasses as well as encode various functional microstructures inside transparent 
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be promising materials for functional optical devices due to a large third-order nonlinear 
susceptibility and an ultrafast nonlinear response [15]. As far as silver-doped phosphate glass, 
Y. Watanabe et al. [10] demonstrated a photosensitivity in soda-alumina-phosphate glass 
doped with Ag
+ 
upon exposure to UV fs laser pulses and found the formation of colour 




 in the glass. Q. Zhao et al. [11] investigated the precipitation 
and dissolution of nanoparticles in Ag
+
-doped phosphate glass by irradiation with a 
near-infrared (IR) 800 nm fs laser pulses and further annealing at various temperatures. The 
process of the formation of Ag
+





can be explained as a consequence capturing photo-excited electron or hole onto Ag
+
 via 
multi-photon absorption induced by extremely high-peak power densities of fs laser pulses. 
Subsequent heat treatment leads to the formation of Ag
0
 centres and the dissolution of Ag
2+ 
centres. 
This paper systematically examines the assignments and optical properties of 






 and other silver ion species, as the 
spectral contribution of these small clusters to the overall spectrum of silver-activated 
phosphate glass (PG:Ag) is not known at present. To determine the induced colour centres in 
PG:Ag and obtain additional evidence of their assignments, measurements such as absorption, 
excitation, emission, colour centre formation by fs laser pulse irradiation, radiative lifetime 
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nanoparticles in Ag
+
-activated phosphate glass without heat treatment was demonstrated for 
the first time to clarify the origin of a RPL glass dosimeter by highly successive fs laser 
pulses. Moreover, silver-activated sodium chloride (NaCl:Ag) as an additional sample was 
also used for comparison.  
 
2. Experimental details  
 
A commercially available GD-450 dosimeter (AGC Techno Glass Co. Ltd.) was used as 
the radiophotoluminescent PG:Ag. Samples were cut from the original glass dosimeter plate 
to a size of approximately 10 × 7 × 1 mm
3
. The weight composition of the GD-450 dosimeter 
was 31.55% P, 51.16% O, 6.12% Al, 11.00% Na and 0.17% Ag. Additional samples without 
Ag (PG-glass and NaCl-crystalline matrix) were used as reference samples.  
All samples were coloured by irradiation from an X-ray unit (dose rate: 12 mGy/min) 
with a copper target operated at 30 kV and 20 mA. In this work, the samples were irradiated 
such that the absorbed doses ranged from 1.22 to 24.5 Gy. Absorption, excitation and 
emission measurements were performed at room temperature using a Hitachi U-2010 UV-VIS 
and an F-2500 fluorescence spectrophotometer. Radiative lifetime measurements were 
performed using a time-resolved spectrofluorometer (Horiba Ltd., NAES-1100), which was 
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lamp emitted light pulses with stable intensities, a full-width at half maximum (FWHM) of 
less than 2 ns and a repetition rate of 7 kHz. The excitation wavelength was monochromatised 
using interference filters with a central wavelength of 340 nm. The RPL from the crystal was 
observed in a direction perpendicular to that of the excitation beam and analysed using 
suitable filters with central wavelengths of 450 nm (blue RPL) and 560 nm (orange RPL), 
respectively.  
For the direct photo-induced reduction from Ag
+




in PG:Ag, this work 
used a regeneratively amplified 800 nm Ti:sapphire laser that emits 120 fs, 250 kHz 
mode-locked pulses. The fs laser pulses were focused using a 20× objective lens with a 
numerical aperture (NA) of 0.40 to a depth of 250 μm beneath the sample surface with the 
help of a computer-controlled 3D X-Y-Z stage with a rate of 50 μm/s and a pitch of 20 μm. 
The pulse energy was 3.0 μJ/pulse and the spot diameter was approximately 2 μm. The 
numbers of successive pulses at the focal points were 1.0×10
5
 shots in 1 s. A square 5×5 mm
2
 
area was written inside the sample line by line using the intense and high repetition rate fs 
laser pulses to measure the absorption spectra of the irradiation region inside the glass sample.  
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Fig. 1 shows the absorption (solid line) and excitation spectra (dashed-and-dotted line) of 
the irradiated (a) NaCl:Ag and (b) PG:Ag under an absorbed dose of 24.5 Gy. All samples 
were transparent and colourless before X-ray irradiation, with an absorption edge at about 250 
nm for NaCl samples and 300 nm for PG samples. After X-ray irradiation, various 
Ag
+
-related colour centres were produced inside the samples of 0.81-mm-thick NaCl:Ag and 
1.0-mm-thick PG:Ag, respectively. The absorption coefficient was calculated using the 
absorbance of the induced Ag
+
-related band maximum at 275 nm for NaCl:Ag and 315 nm for 
PG:Ag, respectively. The glass changed from colourless to slightly yellow after X-ray 
irradiation; however this colour formed would not disappear unless heat annealing at 673 K 
for 30 min is carried out to use repeatedly. Furthermore, the RPL spectra after X-ray 
irradiation for NaCl:Ag and PG:Ag are shown in Figs. 1c and d, respectively. For the 
NaCl:Ag and PG:Ag samples, the excitation is in the range of 250-400 nm (left-hand side) 
and the emission is in the form of a broad band extending from 400-700 nm (right-hand side). 
In addition, both absorption spectra were decomposed into the sum of separate Gaussian 
bands (indicated by a dashed line). 
In the case of NaCl:Ag, the absorption band in Fig. 1a could be decomposed into six 
bands, with peaks at 224, 276, 308, 335, 382 and 443 nm. When the silver-activated 
alkali-halides were irradiated with X-rays, several new bands appeared next to the 
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pure NaCl. These new bands are respectively designated as the “A”, “B”, “C”, “D” and “E” 
bands, as described in Ref. [17]. Parfianovich et al. [18] observed induced bands at “B” 
(peaking at 278 nm), “C” (310 nm), “D” (335 nm) and “E” (400 nm) in X-ray irradiated 
NaCl:Ag. The peak position of each band is in good agreement with the decomposed results 
above. Bands peaking at 232 nm (corresponding to “A”) and peaking at 465 nm 
(corresponding to “F”) measured in NaCl:Ag are due to Ag+-Ag+ paired ions and F centres, 
respectively. In addition, the peak positions of bands “E” and “F” almost overlap the F band, 
peaking at 465 nm. Thus, the absorption peaks for the RPL are mainly attributed to bands “B”, 
“C” and “D”. The origin of these bands in NaCl:Ag has already been clarified [19] as follows: 
bands “B” and “D” are related to F and F2 centres (i.e., two electrons bound to two 
neighbouring anion vacancies) with neighbouring Ag
+
, respectively, and the narrow “C” band 
is strongly related to the Ag
0 
centres.  
For NaCl:Ag, the excitation spectrum for an emission wavelength at 560 nm (orange 
RPL) consists of two explicit peaks at 289 and 339 nm. These peaks are strongly overlapped 
by bands “B”, “C” for the former and “D” for the latter, respectively, in the corresponding 
absorption spectrum. The other peak at 232 nm is overlapped by band “A”. Bands “E” and 
“F” do not contribute to the RPL in the visible region. In addition, the excitation spectrum for 
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 paired ions, and the latter is 
due to F centres with minor contributions from neighbouring Ag
+
.  
In the case of PG:Ag, the appropriate absorption bands in Fig. 1b could also be 
decomposed into six absorption bands from “A” to “F”, peaking at 225, 252, 270, 307, 354 
and 424 nm [20], respectively. Although the absorption spectra can be decomposed into six 
Gaussian bands, the excitation spectra for both samples are not as complicated as the 
absorption spectra. The excitation spectra consist of two different spectra. One spectrum 
peaks at 308 nm for an emission at 560 nm (orange), and the other peaks at 270 and 345 nm 
for an emission at 450 nm (blue). The former corresponds to the decomposed 307 nm 
Gaussian band, while the latter corresponds to the decomposed 270 and 354 nm bands, 
respectively.  
For PG:Ag, the blue emission and some portion of the orange emission are strongly 
related to the 270 and 345 nm excitation bands, which is completely analogous to the blue 
emission of NaCl:Ag associated with bands “B” (i.e., the F centres with neighbouring Ag+) 
and “C” (i.e., the Ag0 centres). Therefore, based on the above results, the absorption band 
centred at 345 nm in the irradiated PG:Ag may be attributed to Ag
0
 centres (reaction: Ag
+
 + e- 





 →Ag2+). These attributions are further supported by the following fs 
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 + h+ →Ag2+) centres. This attribution is further supported by the following heat 
treatment. 
Note that the absorption coefficient of PG:Ag with a maximum at 315 nm was about 
three times larger than that of NaCl:Ag with a maximum at 275 nm under a dose of 24.5 Gy. 
However, as shown in Figs. 1c and d, the orange RPL intensity of PG:Ag with maximum at 
560 nm was nearly two-thirds lower than that of NaCl:Ag under the same dose. 
Additional evidence to attribute the 345 nm band in X-ray irradiated PG:Ag to Ag
0
 
centres was demonstrated by the fs laser experiment. Recently, intense fs laser pulses with 
high-peak power densities (~100 TW/cm
2
) and high repetition rates (>200 kHz) have enabled 
direct precipitation of silver nanoparticles in silver-activated silicate glass without heat 
treatment [21]. In the case of silver-activated glasses, it is well known that irradiation with fs 
laser pulses as well as X-rays and subsequent annealing at high temperature (~770 K) for 10 
min bring about the reduction of Ag
+




and result in the formation of 
plasmonic nanoparticles, as observed by means of luminescence and ESR spectroscopy and 
transmission electron microscopy (TEM). Measurements taken with such intense fs laser 
pulses have played a significant role in the evaluation of RPL characteristics in glasses and in 
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Fig. 2 shows the absorption spectra of X-ray (Curve 1) and fs laser pulse (Curve 2) 
coloured PG:Ag, respectively. In the case of Curve 1, the absorption spectrum was taken 
under an absorbed dose of 24.5 Gy and the decomposed absorption bands, as shown in Fig.1b, 
at 345 nm (corresponding to “E”) and the broad “F” bands were also shown for comparison. 
On the other hand, for Curve 2 the light intensity of the laser beam irradiated on the sample 




. A peak position at 345 nm (“E”) of the X-ray irradiated 
absorption band was quite different with that of the fs laser pulse irradiation. Moreover, the 
absorption spectrum of Curve 2 was decomposed into a sum of separate Lorentzian bands, as 
shown in the inset. As a result, the spectrum was dominated by an absorption band at 404 nm, 
which could be ascribed to the surface plasmon resonance (SPR) of the formed silver 
nanoparticles.  
According to [12], absorption bands peaking at 460 and 620 nm in the Ag
+
-doped silicate 
glass that appeared after the fs laser irradiation were assigned to the hole-trap centres (HC) at 
the nonbridging oxygen in the SiO4 polyhedron with two and three nonbridging oxygen atoms, 
e.g., HC1 and HC2, respectively. After annealing at 773 K for 10 min, the laser-irradiated area 
became light yellow and a peak at 408 nm due to the surface plasmon absorption of the silver 
nanoparticles was observed. In the case of our highly successive fs laser pulses over 250 kHz, 
silver nanoparticles inside PG:Ag were precipitated directly without heat treatment. Therefore, 
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centres. However, the broad absorption band in low intensity from 400 to 600 nm as also 
shown could be attributed to the above hole-trap centres, which corresponds to the 
decomposed “F” band as shown in Fig. 1b.  
The average diameter D of the embedded silver nanoparticles was calculated from the 
decomposed absorption band using the formula D=Vfλp2/(πcΔλ) [22], where Vf is the Fermi 
velocity of the electrons in bulk silver (~ 1.39×10
6
 m/s), Δλ is the FWHM of the absorption 
band, and λp is the characteristic wavelength at which SPR occurs. The average size of the 
silver nanoparticles was calculated to be approximately 2.8 nm, which is in a good agreement 
with the observation by TEM [12].  
Note that irradiation with X-rays and fs laser pulses yields different absorption peak 
wavelengths of the Ag
0 
centres as described above: the former is 345 nm, and the latter is 404 
nm. One of the reasons for this difference is that when fs laser pulses are focused inside the 
sample at a high repetition rate over 250 kHz, the temperature at the focal point increases to 
as high as several thousand K [23], a much higher temperature than that reached in normal 
heat treatment. As a result, highly successive fs laser pulses cause the accumulation of heat 
around the focal point. Increasing the temperature greatly increased the average size of 
nanoparticles formed by fs laser irradiation, resulting in a red-shift of the peak wavelength. In 
addition to this effect, Podlipensky et al. pointed out [24] that the SP resonance depends 
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irradiation with p-polarisation causes preferential orientation along the axis of laser 
polarisation. As a result, the shape of the silver nanoparticles changes from spherical to 
oblong, resulting in a red-shift.  








centres, heat treatments were performed at various temperatures of 295, 343, 423 and 523 K, 
respectively. The samples were kept for one day in the dark after X-ray irradiation and then 
annealed at each temperature for 30 min. After holding the samples at room temperature in 
the dark for another day to suppress the ‘build up’ effect, the absorption, excitation and 
emission of the RPL spectra were measured at 295 K. Finally, the samples were thermally 
annealed at 673 K for 30 min to eliminate stable colour centres before they were used again. 
Selected from this body of data, Fig. 3 shows excitation spectra at annealing temperatures of 
295 and 523 K. The band peaking at 345 nm (corresponding to “E” band) due to the Ag0 
centres shifted from 345 nm (Fig. 3a) at 295 K to 330 nm (Fig. 3b) at 523 K with increasing 
annealing temperature. A similar phenomenon also appeared in optical absorption spectra 
taken on the gamma irradiated silver-doped silicate glass, where the absorption peak is 
blueshifted from 345 nm (the characteristic wavelength of Ag
0
 atoms) at room temperature to 
310 nm at 633 K [25]. This phenomenon represents that annealing the sample at higher 
temperature leads to the disappearance of the Ag
0
 centres by the following reaction, i.e., Ag
0
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(corresponding to “C”) band with increasing annealing temperatures. This blue shift can be 




 →Ag0 + Ag+ , which therefore 









from the original position at room temperature. The complete set of results taken at 295, 343, 
423 and 523 K showed that the maximum intensity of the blue excitation bands peaking at 
270 and 345 nm occurred at 343 K. These bands then decreased gradually in intensity with 
increasing temperature. Moreover, another larger band peaking at 244 nm (corresponding to 











In contrast, the band peaking at 308 nm due to Ag
2+ 
without coupling to Ag
0
 centres 
remained in essentially the same peak position [20]; the intensity of the excitation band at 308 
nm for the orange RPL at 560 nm increased monotonically with increasing temperature. 
Next, to investigate the change in the blue RPL over time by observing the 270 and 345 
nm bands, the lifetime measurements were performed at room temperature. The sample was 
irradiated with various doses ranging from 1.22 to 24.5 Gy to examine the dose dependence 
of the blue RPL radiative lifetime. Table 1 summarises the results of the measured lifetimes at 
450 nm for different doses, which were obtained by fitting the exponential components with 
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wavelengths for the 270 and 345 nm bands were monochromatised using suitable interference 
filters. In the case of 345 nm excitation, the lifetime values are almost independent of the 
absorbed doses ranging from 1.22 to 24.5 Gy and are about 5.6 ns. In contrast, the lifetime 
values of 270 nm excitation are strongly dependent on the dose, in particular for lower doses 
less than 2.45 Gy, where the lifetime values drastically shorten to 2-3 ns. This result supports 
the other evidence on the different origin and structures for the 270 and 345 nm bands. In the 
case of lower doses, photoluminescence (PL) at 302 nm excited by the Ag
+
 band becomes 
predominant, and thus a shoulder part of the PL completely overlaps a blue RPL at 450 nm. 
Fig. 4 shows the RPL spectra in PG:Ag excited at 270, 310 and 345 nm, respectively, after 
X-ray irradiation under an absorbed dose of 1.22 Gy. If the PL is detected instead of emission 
due to the Ag2
+
 centres, the lifetime value becomes much longer about 8600 ns, as already 
reported in [20]. Therefore, one of the reasons for these shorter lifetime values may be 
attributed to the ‘perturbation effect’ of the excited state (Ag2+)* level by stronger emission of 
PL. However, more detailed information is needed for a satisfactory explanation. 
In contrast, for higher absorbed doses up to 24.5 Gy (not shown here), the blue and 
orange RPL intensities drastically decreased due to their concentration quenching, and the 
lifetime values also decreased for both the 270 and 345 nm excitations.  
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We performed optical and thermal measurements on radiophotoluminescent 
silver-activated phosphate glass to clarify the origin and characteristics of the X-ray-induced 
colour centres. The data obtained enabled the following conclusions: 
(1) The RPL absorption study of X-ray irradiated silver-activated phosphate glass (PG:Ag) in 
correlation to NaCl:Ag established that the absorption coefficient of PG:Ag was about three 
times larger than that of NaCl:Ag. On the contrary, the orange RPL intensity of PG:Ag was 
nearly two-thirds lower than that of NaCl:Ag under the same dose. 
(2) Both absorption bands of X-ray irradiated PG:Ag and NaCl:Ag could be decomposed into  
six Gaussian bands, marked as “A” to “F”, peaking at 224, 276, 308, 335, 382 and 443 nm for 
NaCl:Ag and at 225, 252, 270, 307, 354 and 424 nm for PG:Ag, respectively.  
(3) Blue RPL at 450 nm was closely connected to the 270 and 345 nm bands of the excitation 






centres, respectively, through 
highly successive fs laser pulse irradiation, heat treatment and lifetime measurements. The 
Ag
0 
centres were sensitive to annealing temperature, and the band peak shifted to shorter 
wavelength with increasing temperature. On the other hand, orange RPL at 560 nm was 
associated with the 308 nm band in the excitation spectrum. This optical activity was due to 
the Ag
2+ 
centres, and no blue shift was observed for the Ag
2+ 
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 was high enough to generate multi-photon 
ionisation in the Ag-activated phosphate glass matrix and the heat accumulated by the 
250-kHz fs laser resulted in direct formation of surface plasmonic Ag nanoparticles.  
(5) In the absorbed-dose range of 1.22-24.5 Gy, no components of the blue and orange 
emissions were attributable to dirt or any predose. All components of the blue and orange 
emissions in PG:Ag were confirmed to be radiation-induced colour centres. The lifetime of 
the blue RPL at 450 nm is much shorter than that of the orange RPL at 560 nm (~2170 ns 
[20]). In particular, the lifetime of the blue RPL excited at 345 nm remained constant for 
various doses, while that of the blue RPL excited at 270 nm centres were strongly dependent 
on the absorbed doses.  
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Figure captions 
 
Fig. 1.  Absorption and excitation spectra of (a) NaCl:Ag and (b) PG:Ag after X-ray 
irradiation with a dose of 24.5 Gy. Both absorption spectra were 
decomposed into the sum of separate Gaussian bands (dashed lines). 
Numbers on the right of both excitation spectra indicate the scaling factor as 
shown in Fig. 1b. RPL emission spectra after X-ray irradiation for (c) 
NaCl:Ag and (d) PG: Ag. For NaCl:Ag, RPL was excited at 289 nm (solid 
line) and 339 nm (dashed line). For PG:Ag, RPL was excited at 308 nm 




  Fig. 2.  Typical absorption spectra of the silver-activated phosphate glass after X-ray 
(Curve 1) irradiation under an absorbed dose of 24.5 Gy and after fs laser 





For Curve 1, the absorption spectrum was decomposed into “E” and “F” 
bands for comparison. Curve 2 was decomposed into a sum of separate 
Lorentzian bands as shown in the inset.  
 
 Fig. 3.  Excitation spectra of X-ray irradiated silver-activated phosphate glass at 
different annealing temperatures at 295 K (a) and 523 K (b) for detection at 
450 nm. Each spectrum was decomposed into Gaussian bands and marked 
as the “B”, “C” and “E” bands, respectively.   
 
Fig. 4. RPL spectra in the silver-activated phosphate glass excited at 270, 310 and 
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Table captions 
 
 Table 1 Radiative lifetime values as measured for the blue RPL at 450 nm excited at 
270 and 345 nm in the silver-activated phosphate glass with different X-ray 
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 (a) NaCl:Ag X-ray dose: 24.5 Gy
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